Extracellular matrix molecules provide biochemical and topographical cues that influence cell growth in vivo and in vitro. Effects of topographical cues on hippocampal neuron growth were examined after 14 days in vitro. Neurons from hippocampi of rat embryos were grown on poly-L-lysine-coated silicon surfaces containing fields of pillars with varying geometries. Photolithography was used to fabricate 1 µm high pillar arrays with different widths and spacings. ß III -tubulin and MAP-2 immunocytochemistry and scanning electron microscopy were used to describe neuronal processes. Automated two-dimensional tracing software quantified process orientation and length. Process growth on smooth surfaces was random, while growth on pillared surfaces exhibited the most faithful alignment to pillar geometries with smallest gap sizes. Neurite lengths were significantly longer on pillars with the smallest inter-pillar spacings (gaps) and 2 µm pillar widths. These data indicate that physical cues affect neuron growth, suggesting that extracellular matrix topography may contribute to cell growth and differentiation. These results demonstrate new strategies for directing and promoting neuronal growth that will facilitate studies of synapse formation and function and provide methods to establish defined neural networks.
Introduction
The underlying substratum of most cells is a three-dimensional extracellular matrix (ECM). This complex matrix provides cues for cell attachment and growth through signaling via specific protein epitopes and their integrin receptors (Juliano and Haskill 1993) . ECM topographies may also provide instructive physical cues (Abrams et al 2000) . In vivo and in vitro observations indicate that topographic cues may also be important during brain development. In vivo, radial glia (Hatten 1990 ), pioneer axons (Hynes et al 1986) and oriented fibers (Ono and Kawamura 1989) direct neuron migration and process orientation. In vitro neuron process growth has been documented along spider webs (Harrison 1912) , plasma clot fibers (Weiss 1934 ) and roughly aligned collagen fibrils (Ebendal 1976) . Neuroblasts migrate relative to aligned neurite bundles in mouse cerebellar microexplants (Nagata and Nakatsuji 1991) . These data provide evidence supporting the hypothesis that topography stimulates and directs axon and dendrite growth. Fundamental to this hypothesis is that topographic cues can act independently of biochemical cues, that they affect axons and dendrites similarly, and that they are stable cues for maintenance of process orientation over extended periods of time.
Micro-and nano-fabricated substrates with precise textures and microstructures have been used to test this hypothesis. Primary cortical astrocytes (Turner et al 1997) and neurons isolated from the substantia nigra (Fan et al 2002) show preferential attachment to surfaces with 20-200 nmsized features.
Techniques using photolithography and reactive ion etching can produce specific topographies that direct initial neuron process growth (Clark et al 1990 , Britland et al 1996 , Rajnicek et al 1997 and astrocyte attachment (Perez et al 2000) .
Initial axon growth of hippocampal neurons is increased on pillared surfaces compared to smooth regions (Craighead et al 2001) .
Microstructures may mimic biological structures by providing cues with appropriate dimensions. Microstructured grooves may orient CNS neuroblasts by mimicking tightly aligned bundles of non-myelinated neurites (diameter = 0.5 µm) (Nagata et al 1993) . Similarly, microfabricated substrata promote cells of oligodendrocyte lineage to align and migrate along surface contours as they do along axons in the developing optic nerve (Webb et al 1995) .
Thus, topography can affect initial neuron attachment and growth. We report the effects of topography on the growth and orientation of processes produced by hippocampal neurons after 14 days in vitro (DIV) . We have used quantitative analysis to determine whether these structures can affect the final length and orientation of neuronal processes and whether axons and dendrites are affected similarly.
Materials and methods

Surface topography
Fields of 1 µm high pillars separated by smooth regions were fabricated into silicon wafers using standard photolithography (figure 1(A)) (Perez et al 2000) . Pillars were 0.5 µm wide in one row of fields and 2 µm wide in the other. The inter-pillar gap, constant within each field, was varied from 0.5 to 5.0 µm in 0.5 µm steps between fields. Each pillar field and smoothetched (se) region was 800 × 800 µm. Smooth-unetched (su) regions of similar sizes were randomly chosen as control areas.
Cell culture
Hippocampal neurons were isolated from embryonic day 18 (E18) Sprague-Dawley rats (Banker and Goslin 1998) . Timed-pregnant rats (Taconic Farms, Germanstown, NY) were euthanized, and fetuses removed. Whole brains were placed in sterile buffered saline solution (BSS) in 60 mm Petri dishes. The cerebral hemispheres were separated and hippocampi dissected, placed in ice cold BSS and incubated in 0.25% trypsin (Sigma, St Louis, MO) for 15 min in a 37
• C incubator containing 5% CO 2 . Digested hippocampi were rinsed three times for 5 min in BSS at room temperature, triturated and seeded as single-cell suspensions at ∼1 × 10 5 cells/60 mm dish. Each dish contained poly-L-lysine-coated substrates with two copies of the full pattern shown in figure 1 (A) and MEM supplemented with 10% horse serum and pyruvate (GIBCO, Carlsbad, CA). After 2-4 h, the medium was replaced with neurobasal medium (GIBCO) supplemented with serum free supplement, B-27 (GIBCO) and 0.5 mM Lglutamine (Fluka, Biochemica, Milwaukee, WI) (Brewer et al 1993) . Cells were maintained in a 37
• C incubator with 5% CO 2 and fed twice weekly. Observations were made from 2-4 separate chips, e.g., 4-8 replicas of the test surface, observed in three or four independent hippocampal neuron isolations. The Wadsworth Center IACUC approved all methods.
Immunocytochemistry for β III -tubulin and MAP-2
After 14 DIV, neurons on test surfaces and coverslips were fixed in 4% paraformaldehyde (37 • C) for 10 min, permeabilized in 1% Triton in HEPES-buffered Hanks saline (HBHS) for 10 min and processed for immunocytochemistry (Shain et al 1989) . After 1 DIV, samples were incubated in primary monoclonal antibodies against β III -tubulin (BabCo, 1:800; 1 h at 37 • C or overnight at 4
• C) and ALEXA 488-tagged secondary antibodies (Molecular Probes, Eugene OR, 1:200; 40 min at 37
• C or overnight at 4 • C). After 14 DIV, samples were incubated in 6% bovine serum albumin (Sigma) in HBHS to prevent non-specific antibody binding and in primary monoclonal antibodies against MAP-2 (clone HM2) (Sigma, 1: 10,000; 1 h at 37
• C or overnight at 4 • C). After washing, samples were incubated with ALEXA 488-tagged secondary antibodies (molecular probes, Eugene OR, 1:200; 40 min at 37
• C or overnight at 4 • C). Samples were further incubated in a rabbit polyclonal antibody against β III -tubulin (BabCo, 1:2000) and an anti-rabbit antibody conjugated to Texas red (molecular probes, 1:200), rinsed in HBHS and water and mounted on a 24 × 60 mm coverslip in 1:1 HBHS/glycerol containing n-propyl gallate.
Light microscopy
Images were recorded with an Olympus BX41WI epifluorescence upright microscope with an optronics magnafire CCD camera (Olympus, Melville, NY), and stored using magnafire software (version 2.0). One or two fluorescence or reflection images were collected for each field of view (20× objective lens (NA 0.40); field size = 577 × 462 µm). Images were collected from pillar fields with gaps of 1.5, 3.0 and 4.5 µm, and from se and su regions ( figure 1(A) ). Three images were captured sequentially for MAP-2, β III -tubulin and reflected light from the substrates. The latter were collected using an external light source. All images were recorded in RGB color mode in 24-bit TIFF format and were 1280 × 1024 pixels.
Confocal microscopy
Images were collected using a NORAN OZ confocal system mounted on Olympus IX-70 inverted microscope equipped using a 40 × (1.15 NA) objective lens. Fluorescence signals were collected as a series of 0.5 mm optical sections and presented as through focus projections. Surfaces were imaged by reflectance.
Scanning electron microscopy (SEM)
Samples were unmounted, rinsed several times in HBHS, dehydrated through serial dilutions of ethanol (30, 50, 70, 95%) , stored in absolute (100%) ethanol until critical point dried from CO 2 and sputter-coated with gold. Samples were imaged using a LEO 1550 VP SEM at 7-8 keV. Images were saved as TIFF files.
Two-dimensional automated tracing and morphometrics
Statistics for quantitative morphometric analysis of β IIItubulin-and MAP-2-positive processes were extracted by an automated robust two-dimensional (2D) tracing algorithm . This algorithm seeks out structures characterized by pairs of locally almost parallel edges (figure 3), in an iterative manner. Automatically detected starting points initiate the tracing procedure (p i ), that is guided by the response of correlation templates of variable length k until the parallel edge model is violated (at ending and branching points). During each tracing step a local process angle θ is estimated with a precision of 11.25
• . When the sampling interval is held constant, a histogram of all recorded θ values qualitatively reveals the orientation of the traced processes (figure 7). The histogram is wrapped, i.e. entries 180
• apart are summed, since the goal is to quantify orientation of growth along the pillar field axes. Two measurements from the histogram describe the orientation of process growththe frequency peak values and the entropy of the histogram, denoted H θ . The entropy measure is defined as
where p n is the nth entry in the θ histogram. The entropy quantifies the uncertainty of the θ distribution (Leon-Garcia 1994) and is a measure of the extent to which neuronal growth is oriented to a particular angle(s). Larger entropy values indicate greater randomness. The algorithm also measured process lengths as the sum of all traced intervals. Analyses were performed on 1280 × 1024-pixel images using a Dell Pentium III, 1 GHz computer and required 2 s per image.
Validation of results from automated 2D tracing
Two validation methods were used that analyzed differences identified by manually comparing the image and the traced results. In the first, the numbers of improperly traced segments and misidentified objects were compared to the total numbers of features identified in a field by comparing β III -tubulin images and the corresponding output from the tracing program (figure 4). The images were placed next to each other and examined visually for the type and number of errors. Results from this analysis provided data on the frequency of errors. The second analysis compared the lengths of missing and total segments of β III -tubulin-labeled processes. The images of the raw and traced data were overlaid, the opacity of the traced image was reduced by 50% and missing segments were traced onto a separate layer in Photoshop (Adobe, Seattle, WA). This layer and the 2D traced data were imported into Neuroexplorer (Microbrightfield, Inc., Colchester, VT) to determine the lengths of missing segments and the total length of all traced segments. The per cent error was calculated (length of missing segments/(lengths of missing segments + traced segments) × 100). Twenty-seven images were analyzed. Data are presented as the mean ± standard deviation (SD).
Statistical analysis
Angular growth, entropy and length data are presented as mean ± SD. These data were collected from two or more test surfaces prepared from at least three independent culture experiments. Approximately 300 fields were analyzed. To evaluate statistical significance between pillar geometries and control smooth regions, a one-way analysis of variance (ANOVA) was performed, followed by a multi-comparison test (Student Newman Keuls). Analyses for statistical significance between se and su surfaces were performed using an unpaired Student's t-test.
Results
Surface topography affects neuron polarity. Immunocytochemical signals for β III -tubulin delineated cell somas and all neuronal processes (figures 2, 3 and 4(A)). At 1 DIV, a long process, the presumable axon forms on fields with pillar widths of 2 µm and gaps of 1.5 µm (figure 2(A)). However, on unetched smooth regions, minor processes have equal lengths with no apparent indication of which neurite will become the presumed axon ( figure 2(B) ). In addition, the other neurites (immature dendrites) appeared longer and showed some secondary branching. The endings of neurites on smooth surfaces were primarily lamellopodial (figure 2(B)). MAP-2 labeling delineated cell somas and primary dendrites with some weaker labeling occasionally observed in secondary dendrites in 14 DIV neurons (figure 5(A)), but not 1 DIV neurons (data not shown). In 14 DIV neurons, MAP-2 co-labeled with a portion of the β III -tubulin positive profiles, but the β III -tubulin signal extended beyond the MAP-2 labeling suggesting that in many cases MAP-2 did not pass through the first dendritic node and rarely through the second node. Analysis of the 14 DIV samples demonstrated that process growth was significantly affected by surface topography (figure 6). β III -tubulin-positive processes on pillars with 1.5 µm gaps followed the orthogonal patterns of the pillars. As pillar gap size increased, this orientation more closely resembled the apparent random distribution observed on se regions. Thus, processes of cells grown on fields of pillars with 3.0 µm gaps retained some orthogonal orientation, while those on fields with 4.5 µm gaps grew with random orientations similar to that of cells on smooth surfaces. Similar effects were observed for MAP-2-positive processes. These data indicate that topography significantly affected the orientation of all neuron processes.
The process length was quantitatively evaluated for the different pillar geometries using our automated tracing program (Al-Kofahi et al 2002) . We determined the reliability of the program using two measures. First, we determined the number of missing or improperly identified objects (process segments or image noise). A comparison of fluorescence and traced images (figures 4(A) and (B)) demonstrated that only a few errors were made (red asterisks in figure 4(B) ). Analysis of 14 fields demonstrated that the number of errors was consistently very small (∼20 per field). Each field contains many hundreds of elements, e.g., cell bodies and process segments. Second, the accuracy of the β III -tubulinlabeled process lengths was evaluated, e.g., length of missing segments/total segment length. Again a high degree of accuracy resulted, with a 1-5% underestimate of process lengths (n = 27 fields). Thus, our 2D automated tracing provides a reliable method for data analysis.
The process orientation and growth were analyzed for approximately 300 fields. An image and the corresponding trace for topographies with 2.0 µm pillar widths and gaps of 1.5, 3.0 and 4.5 µm and a smooth surface demonstrated the accuracy and reliability of the automated tracing program (figure 6). The orientation of processes was presented as radial plots where the frequency of segment orientation was plotted as a function of compass direction (0 • to 168.75
• ) (figure 6). The greatest effects were observed with 1.5 µm pillar gaps; both β III -tubulin-and MAP-2-labeled processes had sharp peaks at 0
• and 90
• when the pillar widths were 2.0 µm. The frequency value for these orientations was about 0.25 indicating that approximately 50% of the process segments were aligned to the orthogonal axes of the pillar fields (figures 7(A) and (C)). Both labels also demonstrated orthogonality (sharp peaks at 0
• and 90 • ) on 0.5 µm pillar widths (figure 7). Smaller effects of orientation for both β III -tubulin-and MAP-2-labeled processes at pillar widths of 2.0 µm were apparent 3.0 µm gaps. The effect of orientation was quite subtle at pillar gaps of 4.5 µm with small peaks observed at 0
• . On both su and se regions, the orientation of process growth was random (figure 6). Frequency histograms of the peak frequency data demonstrate more effectively the variance in these measurements (figure 7). In general, when pillar gaps were 1.5 µm, the peak frequency values were greater for the fields with 2.0 µm wide pillars than the fields with 0.5 µm pillars for both β III -tubulin-and MAP-2-labeled processes (figures 7(C) and (A)). The frequency values for β III -tubulin-and MAP-2-labeled processes on su and se regions were uniformly distributed amongst all angles ( figure 7(B) ).
Another method used to describe orientation was to calculate angular entropy, H θ , i.e. the degree of randomness of process growth. Minimal entropy indicates the tendency of a process to remain along a given path. Significantly smaller entropy values were observed for β III -tubulin-and MAP-2-labeled processes on fields with pillar widths of 2 µm and gaps of 1.5 µm ( figure 8 and table 1 ). Angular entropy for β III -tubulin-labeled processes was significantly less when compared to results from pillars with the same widths but pillar gaps of 3.0 and 4.5 µm. When comparisons were made between the data describing process growth on cells grown on fields of different pillar widths at the same gap size, the angular entropy of cells grown on the wider pillars, 2.0 µm, was significantly smaller than for cells grown on the narrower, 0.5 µm pillars and both types of smooth surfaces. There were no obvious differences observed between processes growing on the two types of smooth surfaces. Comparisons among fields with pillar widths of 0.5 µm showed a similar but an overall less pronounced trend. The entropy values were smaller for pillar gaps of 1.5 µm compared to pillar gaps of 3.0 µm and 4.5 µm. A similar trend was observed for MAP-2-labeled processes ( figure 8(B) ). Angular entropy was significantly reduced when pillars widths of 2.0 µm and pillar gaps of 1.5 µm were compared to wider gaps of 3.0 µm, and 4.5 µm. Angular entropy for pillar widths of 2.0 µm was Figure 8 . Quantification of the effects of surface topography on angular entropy of neuronal processes. A maximum entropy was observed for β III -tubulin (A) and MAP-2 (B) labeled processes grown on smooth surfaces and pillars with gaps greater than 1.5 µm, indicating random process growth. Minimal entropy was most exhibited by pillars with the smallest gaps and largest width sizes. Data shown is presented as mean ± SD. To assess statistical significance, a one-way ANOVA was performed followed by post hoc analysis (see table 1). also smaller than pillar widths of 0.5 µm and smooth surfaces. At pillar widths of 0.5 µm and gaps of 1.5 µm, entropy was smaller than those pillars with larger gaps of 3.0 µm and 4.5 µm and for etched-and unetched-smooth regions. These data indicate that angular entropy was significantly reduced with decreasing pillar gap size.
In addition to orientation of process growth, we evaluated the total length of β III -tubulin-and MAP-2-labeled processes on the different pillar geometries (figure 9 and table 2). β IIItubulin-labeled process lengths were significantly affected not only by topography but also by the treatment of smooth surfaces ( figure 9(A) ). Etched-smooth surfaces (se) promoted greater process length than su surfaces. However, there were no significant differences in length observed for MAP-2-labeled processes on the two types of smooth surfaces. As with process orientation, the process length was affected by pillar geometries when compared to smooth regions. MAP-2-labeled processes on pillar widths of 2 µm and pillar gaps of 1.5 µm were longer than on smooth regions. Similarly, the greatest effect on β III -tubulin-labeled processes were observed with cells grown on fields containing 2.0 µm Table 1 . Quantitative assessment of entropy for β III -tubulin and MAP-2-labeled processes. Statistical analysis of data presented in figure 7 . Comparisons between pillar geometries and smooth-etched (se) and unetched (su) regions were evaluated using one-way ANOVA and post hoc analysis. If no P value is reported, the relationship is not significant (ns) (P 0.05).
Width Gap Entropy P value when P value when Entropy P value when P value when (w) (g) (nats) compared to compared to (nats) compared to compared to (µm) (µm) ±SD n w = 2.0, g = 1.5 w = 0.5, g = 1.5 ±SD n w = 2.0, g = 1.5 w = 0.5, g = 1.5 2.0 1.5 2.23 ± 0.21 20 P < 0.00001 2.31 ± 0.14 22 P < 0.00001 2.0 3.0 2.59 ± 0.08 23 P < 0.00002 ns 2.65 ± 0.06 24 P < 0.00002 ns 2.0 4.5 2.72 ± 0.04 16 P < 0.00001 P < 0.00002 2.72 ± 0.02 19 P < 0.00002 P < 0.00002 0.5 1.5 2.59 ± 0.07 13 P < 0.00001 2.63 ± 0.07 15 P < 0.00001 0.5 3.0 2.74 ± 0.03 14 P < 0.00002 P < 0.00001 2.72 ± 0.03 16 P < 0.00001 P < 0.00003 0.5 4.5 2.75 ± 0.01 19 P < 0.00002 P < 0.00002 2.74 ± 0.02 20 P < 0.00003 P < 0.00003 se 2.75 ± 0.04 14 P < 0.00003 P < 0.00003 2.73 ± 0.03 17 P < 0.00003 P < 0.00002 su 2.75 ± 0.05 27 P < 0.00003 P < 0.00002 2.73 ± 0.03 35 P < 0.00002 P < 0.00002 Figure 9 . Quantification of the effects of surface topography on axon and dendrite length. The total length of processes was calculated from the described traced segments. β III -tubulin (A) and MAP-2 (B) process growth was significantly enhanced on pillars with the smallest gaps and largest widths when compared to other features and smooth regions. Data are presented as mean ± SD. A one-way ANOVA was performed followed by post hoc analysis (see table 2 ).
wide pillars spaced at 1.5 µm where total lengths were significantly greater than those observed from cells grown on su and se regions. A smaller but still significant increase in β III -tubulin-labeled process length was detected on pillar widths of 0.5 µm and pillar gaps of 1.5 µm when compared to su regions. The process length was dependent on pillar gap and width size. For β III -tubulin-labeled processes, a significant effect was observed for cells growing on pillars with smaller spacings of 1.5 µm and the larger width sizes of 2.0 µm when compared to other gaps. A similar pattern of response was observed for MAP-2-labeled processes on pillar widths of 2.0 µm. There were no significant differences observed by varying the pillar gap to 3.0 µm at a width of 2.0 µm. A significant effect of width was also observed at pillar gaps of 1.5 µm for β III -tubulin-labeled processes and for MAP-2-labeled processes. The length data provide further evidence for the specific effects of topography on process growth. Similar to orientation, the greatest effects were demonstrated for pillar widths of 2.0 µm and pillar gaps of 1.5 µm. Scanning electron microscopy was used to further describe process growth characteristics on various geometries. The increased resolution provided additional data for describing process distribution, growth and interaction with pillars (figure 10). Axons and dendrites were identified using the fluorescent images of β III -tubulin-labeled and MAP-2-labeled processes and then compared to electron micrographs of the same field (figures 10(H), (D) and (A) ). On pillars with a gap of 1.5 µm and width of 2.0 µm, we identified two possible axons that were clearly not MAP-2-labeled but exhibited similar diameters ∼200 nm (figure 10(A), white arrowheads). One axon grew out directly from the cell body whereas the other seemed to arise from a primary dendrite. Interestingly both axons began their elongation on the top of the pillars. It was difficult to follow the path of a given axon because of the density of process growth at 14 DIV. In order to assess axon growth at 14 DIV, fields were selected that were away from all cell bodies. The growth of the presumed axon was on the base of the pillars for pillar gaps of 1.5 µm and 4.5 µm (figures 10(E) and (F )). Similarly to axons, many dendrites, which appeared tapered and thicker, seemed not only to follow the tops of the pillars but also bridge pillars without contacting the base ( figure 10(A) , black arrowhead). In contrast, dendrites on the smaller widths of 0.5 µm or larger gaps of 4.5 µm did not demonstrate any preference for the tops of the pillars (figures 10(B) and (C), black arrowheads). However, in some instances, dendrites on pillars with widths of 0.5 µm and gaps of 1.5 µm do bridge between pillars. The effects of topography on process length may be due to growth cone behavior on the Table 2 . Quantitative assessment of length for β III -tubulin and MAP-2-labeled processes. Statistical analysis of data presented in figure 8 . Comparisons between pillar geometries and smooth-etched (se) and unetched regions (su) were evaluated using one-way ANOVA and post hoc analysis. If no P value is reported, the relationship is not significant (ns) (P 0.05).
Width Gap Length P value when Length P value when (w) (g) (µm) compared to (µm) compared to (µm) (µm) ±SD n w = 2.0, g = 1.5 ±SD n w = 2.0, g = 1.5 2.0 1.5 16 726 ± 2370 16 4212 ± 1587 18 2.0 3.0 11 817 ± 2200 19 P < 0.0001 3500 ± 1179 20 ns 2.0 4.5 10 893 ± 2678 12 P < 0.0001 2819 ± 922 15 P < 0.005 0.5 1.5 13 015 ± 2274 9 P < 0.0003 2740 ± 739 11 P < 0.003 0.5 3.0 11 815 ± 3850 10 P < 0.0001 2588 ± 1291 12 P < 0.001 0.5 4.5 11 872 ± 2022 15 P < 0.0001 3024 ± 1119 16 P < 0.009 se 12 495 ± 1414 10 P < 0.0002 2979 ± 829 13 P < 0.01 su 9 968 ± 2502 23 P < 0.0001 2670 ± 950 31 P < 0.002 different topographies. We observed that growth cones on surfaces with pillar widths of 2 µm and pillar gaps of 1.5 µm possessed a narrow profile indicative of elongation and a rapidly migratory mode (figure 10(E), black arrow). Swellings that contacted pillars were observed along the presumed axon, which turned 90
• and ended with the growth cone. The growth cones on surfaces with pillar gaps of 1.5 µm and pillar widths of 4.5 µm were broad and possessed numerous filopodial extensions indicative of navigation and decision mode (figure 10(F ), black arrows). We also observed bundling of processes. This process distribution/alignment was unique to pillar gaps of 1.5 µm ( figure 10(G) ). Presumed axons and dendrites formed fascicles or bundles in the groves between rows of pillars. Since we cannot discriminate these separate processes by light microscopy, the quantitative analysis of fluorescence microscopy data may present an underestimate of process length. In addition, pillars may induce branching along dendrite and axons at pillar intersections (figure 10(G)). The above ultrastructural data demonstrates that there are specific characteristics of growth primarily on pillar widths of 2.0 µm and pillar gaps of 1.5 µm that might explain quantitative differences in the process length.
Discussion
Conventional photolithographic methods for microfabrication were used to produce surfaces with fields of pillars with specified heights, widths and gap sizes. The goals of this study were to test our hypothesis that topographic features can provide stimuli that will differentially control axon and dendrite orientation and lengths. Immunocytochemical and SEM observations demonstrated that pillar width and gap both influenced process growth with the greatest effect observed on surfaces with larger pillar widths and smaller gap sizes. These findings support our hypothesis by demonstrating that topographic cues can influence neuron growth and differentiation, independent of specific biochemical signals. However, selective effects on dendrites and axons were not demonstrated.
This result is not surprising since similar growth mechanisms may be responsible for both processes. Biochemical signals may control axon and dendrite differentially due to different receptor distributions or sources of signals in vivo.
While qualitative observations indicated that the orientation of neuronal processes was orthogonal, quantitative measures of these effects are critical to test our hypothesis. We used a 2D automated tracing algorithm to achieve this goal. The algorithm is fast, taking only 2 s to trace and extract morphometrics from typical 1280 × 1024-pixel images (Shen et al 2001) . Its performance scales with image content, rather than the image size, making the algorithm particularly useful for analyzing large batches of high-resolution images. A validation of the automated analysis demonstrated very accurate tracing. One to five per cent errors were observed (figures 4 and 5). The algorithm can also be used for tracing and extracting morphometric structures, such as blood vessels (Can et al 1999 , Abdul-Karim et al 2003 and neurons (Al-Kofahi et al 2002) in 3D samples. In addition, the 2D automated tracing algorithm can be beneficial in the detection of differentiated processes. For example, the MAP-2 antibodies used in this study were unable to label dendritic processes that pass the first node at 14 DIV; however, the β III -tubulin antibodies could label all processes. The tracing program could acquire both sets of data and merge them. Those dendritic processes not MAP-2-labeled but β III -tubulinlabeled that fall past the first dendritic node could then be detected thus identifying the whole dendritic field.
Microfabricated surfaces with microgrooves of various depths, widths and spacings have demonstrated that initial axon growth of neurons isolated from different species and brain regions is directed by topographic cues (Ternaux et al 1992 , Nagata et al 1993 , Rajnicek et al 1997 . These cues differ for different cells. For instance, grooved substrata can affect turning of Xenopus spinal cord and rat hippocampal neuronal processes differently (Rajnicek et al 1997) . Xenopus neurites grew parallel to microgrooves whereas hippocampal neurites grew perpendicular to them. Perpendicular orientation on the microstructures has also been observed for CNS neuroblasts (Nagata et al 1993) . In order to more thoroughly understand the effects of topographical cues, we have described neuron growth on surfaces where size and spacing, e.g. frequency, of cues was varied in a regular fashion. Figure 10 . Neuronal process growth and interactions relative to pillar organization. SEM images show that most axons (white arrowhead) and dendrites (black arrowhead) that grew out from the cell body tended to follow the tops of pillars with widths of 2.0 µm and gaps of 1.5 µm (A) . Processes grew at the base of pillars with widths of 0.5 µm and gaps of 1.5 µm (B) as well as on pillars with widths of 2.0 µm and gaps of 4.5 µm (C). Scale bar = 20 µm. Fluorescence (D), (H) and scanning electron (A) microscopy were used to identify axons and describe axonal process growth relative to pillars with widths of 2.0 µm and gaps of 1.5 µm. MAP-2-(D) and β III -tubulin-(H) fluorescence images can be used to identify axons (white arrowhead) and dendrites. SEM image (A) shows axons (white arrowhead) and dendrite (black arrowhead) following the tops of pillars as they grow out from the cell body. Scale bar: (A, D, H) 20 µm. Growth cones (black arrows) on pillars with widths of 2.0 µm and gaps of 1.5 µm exhibited a narrow profile indicative of rapid growth (E). In contrast, growth cones (black arrows) on pillars with widths of 2.0 µm and gaps of 4.5 µm exhibited a broader profile with a few extending filopodia indicative of slower growth (F ). Scale bar (E), (F ) = 10 µm. An increase in process formation and bundling was observed on pillars with widths of 2.0 µm and gaps of 1.5 µm (G). Smaller processes arose from a main process (presumably a dendrite) at consecutive pillars. Three to four layers of processes were observed at multiple sites following the patterning of the pillars. Scale bar (G) = 2 µm.
Test surfaces contained a range of topographical features. Process growth and orientation was most affected by fields of pillars with 2 µm widths and 1.5 µm gaps. On this topography, processes initially followed the tops of the pillars bridging from pillar to pillar (see figures 2(A) and 10(A)). When observed at 14 DIV, the initial portions of both axons and dendrites generally grew on pillar tops but as the dendrites branched the finer processes could be seen growing in between the pillars (figure 10(A)); however, as the spacing between the pillars was larger, processes grew between the pillars (compare figures 10(A), (B) and (C)).
Thus, the growth stimulus may be due to signals perceived as a series of pillar ridges and grooves with a specific periodicity as suggested by the perpendicular alignment of neuronal processes on parallel microgrooves (Nagata et al 1993 , Rajnicek et al 1997 . Whereas most studies have examined initial process outgrowth, this study addresses the independent effects of topography on differentiated axons and dendrites. Our data indicate that specific structural features promote axon and dendrite orientation and growth. At 14 DIV, β III -tubulin-and MAP-2-labeled processes exhibited orthogonal orientation on pillars of widths of 2.0 µm and pillar gaps of 1.5 µm (figure 6). This effect diminished as gap sizes increased from 1.5 µm to 4.5 µm. Cells on both the su and se surfaces exhibited random orientation. Although microgrooves are commonly used for topographical studies, they often confine cell movement in only two directions whereas on our substrate, neurons have a directional choice from pillar to pillar.
Biochemical patterning (Stenger et al 1998 , Esch et al 1999 , Wheeler et al 1999 , Kam et al 2001 as well as topographical patterning can influence hippocampal process formation and polarity. Grooved substrata determined the site on the cell body that initiated hippocampal neurites (Rajnicek et al 1997) .
Similarly, we have demonstrated that pillar geometries affect neuron polarity. At 1 DIV, a longer process forms preferentially on the pillar topographies and presumably becomes the axon. Minor processes have equal lengths on smooth regions but are different on pillar fields, suggesting that topography affects the rate of neuritogenesis (figure 2).
Biochemical patterning also affects the rate of process extension. A local presentation of a patterned biochemical signal to a minor process increases the rate of its elongation compared to nonexposed minor processes (Esch et al 1999) . Continuous linear patterns promote rapid growth of a process while similar lines with interruptions do not (Stenger et al 1998) . Substratum topography has also been shown to have direct effects on the initial extension of neurons (Clark et al 1987 , 1990 , Perez et al 2000 . A neurite extension from dorsal root ganglion neurons was increased fourfold on microgrooves compared to flat (planar) surfaces (Curtis et al 1995) .
Microgrooved substrata also affect the rate of elongation of hippocampal neurites (Rajnicek et al 1997) . Our findings demonstrate that topographical features can provide continued stimulation of axon and dendrite growth. These observations suggest that continuous stimulation is required for neurite differentiation and axon and dendrite growth.
Substrate-directed growth of axons and dendrites on fields of pillars with widths of 2.0 µm and gaps of 1.5 µm was characterized initially by growth on tops of pillars. The growth cones of hippocampal neurons may respond to pillar tops because they mimic topographies produced by cells or extracellular matrix. For example, the basement membrane of the corneal epithelium exhibits a complex arrangement of rigid structural proteins with specific topographies such as fibrils, pores and grooves (Abrams et al 2000) . Alternatively, the organization of the pillared surface topography may produce ridge-groove-ridge signals directing growth cone attachment producing oriented and directed growth. Thus, cytoskeletal linkages of the growth cone may be strengthened as processes initially grow out on the top surface area of pillars. Contact guidance of moving fibroblasts occurs on micropatterned surfaces. These cells elongate and orient on ridges, possibly directing formation of focal adhesion plaques (den Braber 1998). Pillar geometries also influence cytoskeletal arrangement and focal adhesion formation of astroglia (Perez et al 2000) and primary cortical astrocytes (Craighead et al 2001) . Thus, signal transduction through focal adhesion kinases or other mechanisms associated with growth may underlie topographically directed growth.
A number of studies have demonstrated that axon guidance involves cellular interactions mediated by transmembrane proteins such as cadherins and other cell adhesion molecules (Neugebauer et al 1988 , Bixby et al 1988 , Drazba and Lemmon 1990 . Growth cones navigate along the surface of other axons, and as a result their axons can bundle together to form fascicles (Norlander and Singer 1982b , Norlander 1987 , Hogan and Berman 1990 , Honig et al 1998 . In this study, we observed that process bundling was dependent on pillar geometry. Dendrites and/or axons frequently formed three to four layers of oriented processes between pillars with gaps of 1.5 µm ( figure 10(G) ). The relative size of processes and spaces between the pillars may promote this behavior. Alternatively, gap sizes of 1.5 µm may mimic biological grooves or tracks. Oriented intercellular spaces or tunnels in the retina appear at the time of axon outgrowth and may guide the retinal ganglion cells to the optic stalk (Silver and Sidman 1980) . Sensory neurons from Xenopus spinal cord grow along tracks of preexisting longitudinally aligned rohon-beard neurons (Norlander et al 1991) . These sensory neurons also migrate along aligned spaces between neighboring neuroepithelial cells that form channels upon which the earliest axonal outgrowths subsequently invade (Norlander and Singer 1982a, 1982b) The structure of the growth cone is critical to axon guidance and aids in the sensing and exploration of the underlying environment. Changes in growth cone structure have been demonstrated in vitro on both biochemically and topographically modified surfaces. Growth cones of dorsal root ganglion axons had a simplified morphology, with few filopodia, on isolated narrow scratches (<2 µm in width) and on laminin microcontact printed substrates (Clark et al 1993 , Stepien et al 1998 . In the present study, we have observed growth cones in the se gaps between pillars. Growth cone morphologies varied, depending on the pillar gap size. When gaps were 1.5 µm, growth cones possessed a narrow profile with no filopodia ( figure 10(E) ). In contrast, growth cones were more elaborate and possessed a broader profile, with numerous filopodia, on larger gaps ( figure 10(F ) ). These results indicate that, at least after 14 DIV, pillar geometries establish the overall shape of growth cones.
Our observations indicate that topographic features can provide cues to direct neuron process growth and that these directional cues contribute to the long-term organization of axons and dendrites. Thus, topographically modified surfaces may be particularly useful for providing neurons with arrays of processes that will be useful for producing regular synaptic addresses, for studying the dynamics of transport and integration of synaptic proteins, and for developing designed neural networks.
